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ABSTRACT
ASSESSING GROUNDWATER RECHARGE MECHANISMS IN THE PAMPA DEL
TAMARUGAL BASIN OF NORTHERN CHILE’S ATACAMA DESERT
Richard Scott Jayne, M.S.
Department of Geology and Environmental Sciences
Northern Illinois University, 2015
Ryan M. Pollyea, Director
Northern Chile’s Atacama Desert is one of the driest inhabited regions on the planet. The
Pampa del Tamarugal Basin is located within the Atacama Desert and is home to ~300,000
people, yet this region receives little to no rain (<5 mm/yr). However, despite the lack of rain,
there is a large source of fresh water in the Pampa del Tamarugal Aquifer (PTA). The PTA is
heavily relied upon for municipal, agriculture, and industrial uses. The source of water for the
PTA is widely accepted to originate in the high Andes to the east, but the magnitude and
mechanism for this recharge remains poorly understood. This study utilizes a 2-D numerical
model that takes into account the complex geology and geothermal gradient in this region to
further understand regional scale fluid flow within the Pampa del Tamarugal Basin. The results
indicate that shallow fluid flow only recharges Salar de Huasco on the eastern edge of the model
domain while deep, hydrothermal fluid circulation recharges the PTA and is also responsible for
salar formation in the western portion of the basin.
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CHAPTER 1
INTRODUCTION

As of 2012 1.1 billion people did not have access to sufficient amounts of clean water,
and at the current rate the population is increasing, water availability is rapidly becoming a
global concern (Engelhardt et al., 2012). Arid regions are defined by annual precipitation below
111 mm on the basis of the Budyko Aridity Index, which compares the annual net radiation to
the annual precipitation of that region and the latent heat of water evaporation (Shen and Chen,
2010). Almost 30% of the landmass on the planet is considered arid and in these regions water is
of particular concern. (McKnight and Hess, 2000). Moreover, the areal extent of global aridity is
projected to increase 10-30% by mid-century (IPCC, 2007), and Doll (2009) shows that
groundwater resources may decrease by 10% on more than one-fifth of the globe by 2050.
Groundwater is typically the sole source of municipal, agricultural, and industrial water supplies
in many arid regions, and groundwater management is critical to future water availability. In arid
regions, evapotranspiration (ET) potential exceeds rainfall, which results in low or intermittent
surface runoff, and extreme evaporation so that very little water is available to recharge an
aquifer. The combination of these effects complicates estimates of groundwater recharge using
the traditional water budget formulation because small errors in ET estimates result in
proportionately large errors in groundwater recharge.
The population of northern Chile’s Atacama Desert is particularly vulnerable to the
combined effects of aridity and maintaining sustainable groundwater resources. The main source
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of fresh water for the Tarapacá region is the Pampa del Tamarugal Aquifer (PTA)(Figure 1)
located in the Pampa del Tamarugal (PdT) Basin. As one of the driest regions on Earth, areas
within the PdT Basin receives little (~5 mm) to no precipitation annually (Houston, 2006;
Margaritz et al., 1989; Rojas and Dassargues, 2007).
The PTA covers an area of ~5,000 square kilometers and it is restricted to the west by the
Coastal Range and to the east by the Chilean Precordillera. With little to no precipitation in this
area, it is likely that surface recharge to the PTA is not a viable recharge mechanism. Previous
research has demonstrated that groundwater recharge into the PTA originates as precipitation in
the high Andes (Altiplano)(Aravena, 1995; Houston, 2002; Margaritz et al., 1989). While the
high Andes can receive as much as 400 mm of rainfall precipitation annually, the transport
mechanisms and magnitude of recharge to the PTA remain poorly understood (Aravena, 1995;
Houston, 2002). Currently, the two prevailing hypotheses for groundwater recharge in the region
are 1) groundwater within the central PdT basin results from precipitation in the Altiplano
infiltrating deep within the Cordillera before circulating upwards into the PdT basin due to the
steep regional head gradient, thermal convection, and fault-controlled flow paths (e.g.; Margaritz
et al., 1990; Figure 2A), and 2) shallow, rapid fluid flow paths through alluvial fans along the
Andes (Houston et al., 2002; Figure 2B).
The PTA is the main source of municipal, industrial, and agricultural water for the entire
Tarapacá Region in northern Chile, and the regional economy is heavily dependent on these
resources. Rojas and Dassargues (2007) showed that water is being withdrawn from the PTA at a
rate of ~64 million m3/year, with recharge at less than half that rate at ~31 million m3/yr. The
already limited water resources in northern Chile will become increasingly scarce with
increasing population and overexploitation of groundwater in this hyper-arid region. In addition,
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Figure 2. Two different conceptual models for groundwater recharge into the Pampa del Tamarugal Aquifer (PTA).
A) Margaritz et al. (1989) suggests that high altitude precipitation infiltrates deep into the Cordillera before
upwelling beneath the PTA. B) Houston (2002) suggests that high altitude precipitation and periodic heavy
precipitation events recharge the PTA primarily through shallw, allucival fan networks.
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the predictions of Doll (2009) and the IPCC (2007) suggest that precipitation, and subsequently
groundwater resources, in arid regions such as the Atacama Desert will decrease with increased
warming over the coming decades to centuries. Therefore, a better understanding of recharge to
the PTA is required to predict how potential decreases in regional precipitation will affect future
water availability.

Hypothesis and Study Objective

On the basis of classical basin-scale fluid flow work by Tóth (1962), it is likely that both
shallow, rapid fluid flow (Houston, 2002), and deep, hydrothermal fluid circulation (Margaritz et
al., 1989) occur in the Pampa del Tamarugal Basin (Figure 3); however, unlike the basins
analyzed by Tóth (1962), the Pampa del Tamarugal Basin is highly heterogeneous with layers of
low permeability and has undergone significant deformation since the Oligocene (Dingman and
Galli, 1965; Houston, 2002; Nester 2008). In addition to the complex structure and geology,
variations in the angle of the subducting Nazca plate results in a spatially variable geothermal
heat flux across the PdT (Giese, 1994; Hamza & Munoz, 1996). The intricacies of this region
pose a problem when trying to integrate previous investigations in this area because there have
been no regional-scale modeling studies that account for the complex geology and spatially
variable heat flux over time scales needed to understand the regional groundwater recharge
system. As a result, this study develops a regional-scale, fully coupled, non-isothermal 2-D
numerical groundwater model to analyze fluid flow paths and their associated time scales, while
taking into account the complex geological controls. Along with gaining a better understanding
of regional scale fluid flow in the Pampa del Tamarugal Basin, this study explores the utility and
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effectiveness of using a numerical model to study fluid flow with implications for interpreting
basin-scale fluid flow in other arid regions around the world.

Study Area & Geologic Setting

The Atacama Desert covers ~105,000 km2 in three South American Countries: Bolivia,
Chile, and Peru. This study focuses on regional-scale fluid flow within the Pampa del
Tamarugal (PdT) basin in northern Chile in order to better understand the mechanisms that
recharge the Pampa del Tamarugal Aquifer (PTA). Transect A-A’ was chosen at ~20.5 °S,
which spans 158 km from the Chilean coast to the Chilean-Bolivian border (Figure 4). This
transect location is in close proximity to the model presented in Brokus (2014), who used a
homogeneous and isotropic model to provide a theoretical basis for deep thermal fluid
circulation within the basin; however, Brokus (2014) focused on a broad test of concepts and
explicitly ignored heterogeneous, basin-scale geologic features that likely have a significant
effect site-specific groundwater flow. This transect is also in close proximity to important
municipalities of Iquique and Pica, suggesting that model results will be applicable to water
resource management in the region. Previous studies acknowledge the complex geology of the
PTA along this transect; however, the majority of previous modeling efforts in this region focus
on areas south of the Rio Loa and north of Arica. This study, therefore, fills a gap in the literature
and complies data from numerous field locations (i.e. salars (a permanent body of saline surface
water with regional extent and up to a few meters water), wells, and hot springs) along the
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modified after Lictevout et al., 2014.
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Iquique-Pica-Salar de Huasco transect.
The Coastal Cordillera (Figure 4) is one of four morphotectonic units that comprise the
study transect A-A’ and it marks the western-most edge of the Atacama Desert. The Coastal
Cordillera ranges in elevation from 1-3 km above sea level and is ~50 km wide running N-S
parallel to the Peru-Chile trench. The Coastal Cordillera is bound to the west by a coastal
escarpment that in places is 1 km high, and represents a Miocene age coastal escarpment
(Hartely et. al., 2010). Within the study area, there are three main geologic formations that
comprise the Coastal Cordillera. These geologic formations are primarily comprised of volcanic
arc remnants that moved through the area during the Jurassic, including (1) the Caleta Ligate
Formation, which is a ~600m thick layer of volcaniclastic rocks, limestone, and basaltic
andesites; (2) the Officina Viz Formation, which underlies the Caleta Ligate is composed of
basaltic andesite and andesitic lava piles with a minimum thickness of 1500 m; and (3) the PreCambrian granitic-gneissic basement rock, which underlies the Caleta and Officina Viz
Formations. The volcanic arc deposits are now cut by a series of extensional faults (GregoryWodzicki, 2000; Hartley et al., 2000; Hartley et al., 2010; Kramer et al., 2005). These volcanic
formations are not just restricted to the Coastal Cordillera; a positive gravity anomaly found by
Kösters (1997) shows that the volcanic deposits extend offshore towards the present-day PeruChile trench. The eastern edge of the Coastal Cordillera is marked by the Atacama Fault Zone
(AFZ), which is a N-S trending extensional and oblique strike-slip fault (Dingman and Galli,
1965; Nester, 2008) that formed during the late Jurassic and early Cretaceous (Cembrano et. al.,
2005) and is considered to be a continental-scale feature, since it can be traced for ~1000km
from Iquique (20°S) to La Serena (32°S). Loveless (2005) describes the AFZ as having a very
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low permeability core ~3m thick with a higher permeability damage zone that extends ~100m
laterally to each side.
The Central Depression/Longitudinal Valley (or forearc basin) is the result of the Nazca
plate subducting under the South American plate causing an extensive graben complex, which
has since been filled in with up to 1700 m of non-marine Oligocene to recent sediments
(Dingman and Galli, 1965; Houston, 2002; Margaritz et al., 1989; Nester, 2008; and Rojas and
Dassargues, 2007) that overlay the strongly folded Cenozoic basement rock (Nester, 2008). The
Central Depression is the topographic low between the Coastal Cordillera and Precordillera with
an average elevation of 1000 m above sea level. The non-marine sediments that fill the basin at
this latitude are collectively called the Altos de Pica Formation (AdP), and there are five
members that alternate between sedimentary and volcanic deposits. AdP member 1 (AdP1) was
deposited ~26 Ma and marks the beginning of uplift for the Altiplano. AdP1 is a mix of fluvial
and alluvial deposits comprised of conglomerates intercalated with sandstones having an average
thickness of 325m (Dingman & Galli, 1965; Nester, 2008; Rojas & Dassagarues, 2008). AdP
member 2 (AdP2) is a volcanic layer comprising rhyolitic tuff and andesitic ingnimbrite that was
deposited ~20.6 Ma when the volcanic arc was located in the present day Coastal Cordillera.
AdP member 3 (AdP3) is a sedimentary unit dating 20-16 Ma that was deposited when the
Coastal Cordillera and Precordillera were present and provided the sedimentary fill for the basin.
AdP3 has an average thickness of 175 m and consists primarily of medium-coarse sandstone,
intercalated with conglomerates. AdP member 4 (AdP4) is the second volcanic deposit of
rhyolitic tuff and andesitic ignimbrite deposited ~16.3 Ma. AdP4 is called the Huasco Ignimbrite
because it outcrops near Salar de Huasco in the Altiplano (Figure 5). AdP member 5 (AdP5) was
deposited between 16-11 Ma, and consists of sandstone and conglomerates. JICA-DGA-PCI
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(1995) used borehole logs and pumping tests to obtain the aquifer parameters within the basin
and found that AdP5 is the primary water-bearing unit for the Pampa del Tamarugal Aquifer.
The sedimentary fill in this basin forms a lens shape that is fairly symmetrical, thinning both to
the east and west with the thickest part of the basin located in the center near Pica (Figure
5)(Dingman & Galli, 1965; Nester, 2008; Rojas & Dassagarues, 2008). Underlying the
sedimentary fill are the Cerro Empexa, Chacarilla, and Longacho formations, which are marine
deposits consisting of mainly marine sandstones and shales that are intercalated with volcanic
ignimbrites and tuffs (Dingman & Galli, 1965; Houston, 2002).
The Precordillera marks the eastern extent of the Central Depression, where AdP
members 1, 3, and 5 start pinching out at ~2000 masl and are completely gone by 3200 masl,
leaving only the ignimbrite units overlaying the Cenozoic marine deposits. The Precordillera
crests at an average of 4200 masl, continuing to the east of this crest is the plateau known as the
Altiplano (Victor, 2004).
The Altiplano/Western Cordillera is the eastern most feature in the study area, and it
forms the modern day volcanic arc. The Altiplano has an average elevation of 4000 masl with
peaks reaching as high as 6350 masl and is characterized by volcanic peaks and ignimbrite
plateaus with north trending ridges (Hartley et al., 2010; Valero-Garcés et al., 1999). The
Altiplano comprises (1) a shallow layer of alluvial and eolian deposits that overlay ~2500m of
volcanic ignimbrite (combination of ADP 2 and 4); (2) ~1000m of marine sandstone; (3) and the
Pre-Cambrian granitic-gneissic basement rock (Dingman, 1965; Horton et al., 2002; Houston,
2002 & 2005; Margaritz et al., 1989; Nester, 2008). Within the Altiplano is Salar de Huasco
(Figure 4 & 5), which is an important hydrological feature because it is one of the few areas in
northern Chile where surface water is present. As Figure 4 shows there are a number of salars
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throughout both the Altiplano and western edge of the Central Depression. A salar is defined as a
permanent body of saline surface water with regional extent and up to a few meters water.
Similarly, playas, which are the most common type of salar in northern Chile, are shallow
ephemeral saline pools that are scattered around mudflats within a central depression. Both
salars and playas are characterized by salt crusts that can either be (1) actively evaporating brines
and gypsum, or (2) a fossil salt crust that is similar in mineralogy to active salt crusts, but much
thicker and no longer forming; however, salars are a combination of these features. Salar de
Huasco has a playa mixed with a saline lake with a total area of ~50 km2 and a permanent saline
water body covering ~2.5 km2 (Dorador et al., 2010; Risacher et al., 2003). Salar de Huasco is
mainly composed of a high permeability sandy-gravel layer ~250m thick with an impermeable
clay layer ranging from 10-50m below the surface (Acosta & Custodio, 2008). The lowpermeability clay layer acts as a barrier to fluid flow, creating an unconfined aquifer that sits just
a few meters below the surface (Acosta & Custodio, 2008). Salar de Huasco is recharged mainly
by springs that are located on the basin walls (Stoertz & Ericksen, 1974). The main mechanism
for losing this water is chiefly by evaporation, making these systems sensitive to changes in
geologic, hydrologic, topographic and climatic factors (Stoertz & Ericksen, 1974).

Climate

The Atacama Desert is a hyper-arid environment, receiving little to no precipitation
annually (<5mm/yr) qualifying it as one of the driest places on Earth (Clarke, 2006; Hartley et
al., 2005; Houston, 2002; Rojas and Dassagarues, 2008). The Atacama Desert has been an area
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of scientific interest due to its natural resources but also for its extreme climate. Arid
environments are particularly sensitive to subtle variations in climate, so understanding how
climatic variations affect water resources in arid conditions can be used as a proxy and to help us
understand how climate variability will affect water resources elsewhere. The Atacama Desert is
also known for being one of the oldest deserts on the planet with some studies suggesting that the
Atacama has been arid for 150 million years (Hartley et al., 2005). The Atacama has been
located at the same latitude since the late Jurassic and it has a fairly continuous sedimentary
record of arid to semi-arid climate (Hartley et. al., 2005; Houston 2005). Although the Atacama
climate has been very stable, researchers have noted a drying period ~19-13 Ma (Aplers &
Brimhall, 1988; Rech et. al., 2006; Sillitoe & Mckee, 1996), during which time the western flank
of the Western Cordillera was growing in elevation and was almost half its present day height by
the lower-middle Miocene increasing its rain shadow effect (Farías et. al., 2005; Garizone et. al.,
2008; Gregory-Wodzicki, 2000; Lamb & Hoke, 1997). In contrast, Garreaud et al. (2010)
developed a climate model that suggests the Western Cordillera rain shadow has not contributed
to the drying climate and the largest contributing factor is the appearance of the Hadley Cell
(Bolivian High?) ~25 Ma. This Hadley Cell creates a sub-tropical anticyclone that hinders midlatitude disturbances, which aids the Humboldt Current causing north winds to stay along the
coast thus assisting in the transport of cold water from the higher latitudes (Garreaud et al.,
2010). While the Coastal Cordillera, Central Depression, and most of the Precordillera receive
little to no rain the Altiplano receives increasing precipitation with increasing elevation
averaging 100 mm at 3000 masl and 200 mm at 4000 masl on average annually (Houston, 2002;
Margaritz et. al., 1989).

CHAPTER 2
METHODS

This study investigates regional-scale fluid flow within the Pampa del Tamarugal Basin
utilizing a two-dimensional, non-isothermal, fully coupled numerical model. The study area
comprises the transect A-A’, which is a 158 km cross-section along parallel 20.5°S (Figure 4)
beginning 4km west of the Chilean Coast and extending to the Chile-Bolivia border. The model
domain has a maximum thickness of 8km (5k masl to 3km below sea level), and is made up of a
heterogeneous, two-dimensional Cartesian grid with 80,023 grid cells comprised of subdomains
corresponding with geologic formations known to exist across the study area. An integrated
finite difference modeling code is used for this project so that three-dimensional grid cells are
specified with dimensions of 100 m × 100 m × 100 m. This grid discretization is required
because the modeling code solves for mass and energy flow in terms of volume; however, the
model domain is only one grid cell thick in the out-of-plane dimension, so mass and heat can
only flow in two directions (vertical and horizontal). The model developed in this chapter is
used to assess the mechanisms, magnitude, and timing of fluid flow within the Pampa del
Tamarugal Basin by taking into account the regional geology and current climatic conditions.
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Code Selection

The numerical simulation program TOUGH2-MP (Zhang et al., 2008) was chosen for
two primary reasons: (1) TOUGH2-MP is optimized for solving large-scale problems over
parallel computing architecture, and (2) TOUGH2-MP is fully coupled for mass and energy
transport, allowing numerical simulation of both fluid and heat flow in heterogeneous porous or
fractured media (Zhang et al., 2008). TOUGH2-MP has a variety of Equations of State (EOS)
modules that can be used to simulate nonisothermal fluid systems. In this study, EOS 1 was
chosen, which can simulate heat flow and two separate waters, water-1 and water-2 (water with a
tracer)(Pruess et al., 1999). The EOS1 module is able to account for two separate waters by
solving for two water mass balances, which allows for separately tracking the saturation of each
water. In this study the two different waters will be referred to as water-1 (initial water mass or
connate water) and water-2 (meteoric water). For this usage, water-1 fully saturates the model
domain prior to transient simulations and water-2 infiltrates from the surface at locations where
precipitation results in groundwater infiltration. As a result, the flow paths of infiltrating
meteoric water will be traced through the model domain over time.
The governing equations are based on the First Law of Thermodynamics, which requires
the conservation of mass and energy over a closed volume. Mass and energy conservation are
applied over each grid cell (or representative elementary volume) within the model domain as
follows:
𝑑
𝑑𝑡

!!

𝑴! 𝑑𝑉! =   

!!

𝑭! ∙ 𝒏𝑑Γ! +   

!!

𝑞! 𝑑𝑉!     ,                                                                    (1)    
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where, k refers to the number of mass components plus heat. Moving from the left side of the
equation to the right, the quantity M is an accumulation term that represents mass or energy over
the volume of each grid cell and is defined by equation 2. The two integrals that result in M are
F which is the mass or heat flux that is dotted with n a surface normal vector for the surface
element (𝑑Γ! ) which points inwards to 𝑉! and q denotes the generation term to account for any
sources or sinks within the volume. The Gauss Divergence Theorem provides the mathematical
basis for Equation 1, which relates volume flux (left side) and surface flux (right side). In
addition, Darcy’s law provides the mathematical basis for applying Equation 2 to fluid flow in
porous media, while Fourier’s Law is the basis for applying Equation 2 to conductive heat flow.
Equation 1, is calculated for each grid cell within the domain for each time step (Xiong et al.,
2013). The general form for the mass accumulation term is given by:
𝑆! 𝜌! 𝑋!!   ,                                                                                                                                (2)

𝑀! =   𝜙
!

where, k again refers to the number of mass components plus heat, β refers to the phase of the
mass being calculated, the complete mass accumulation term for each iteration is given by the
summation of the products of phase saturation (𝑆! ), phase density (𝜌! ), and the mass fraction of
each component phase (𝑋!! ), which are multiplied by 𝜙 porosity to account for the volume
available for groundwater flow (Zhang et al., 2008). Because this study also accounts for heat
flow within the system, a heat accumulation term must also be quantified:
𝑀! = 1 − 𝜙 𝜌! 𝐶! 𝑇 + 𝜙

! 𝑆! 𝜌! 𝑢!

,

(3)
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where, k denotes the heat component and β refers to the phase over which energy is being
conserved. Here 𝜌! is the rock-grain specific gravity and 𝐶! is the specific heat of the host rock,
𝑢! is the specific internal energy, and T is the temperature (Zhang et al., 2008).

Transect Geology & Model Domain

The elevation profile for the Transect A-A’ was extracted from Google Earth every 100m
using the web-based elevation profiler found at www.geocontext.org (Figure 6). The transect
begins 4km off the west coast of Chile just south of Iquique, which allows for the boundary
conditions to not interfere with fluid flow within the PdT Basin. The exact boundary conditions
are explained in more detail in a later section, but by having the western bounds of the model in
the ocean it allows for a hydrostatic boundary and it is far enough from the area of interest to
minimally impact the solutions for heat and groundwater flow within the continent. The western
edge of the transect ends at the Chile-Bolivian border, which was chosen because the border of
these two countries is a regional topographic high allowing for a drainage divide to be specified
as the eastern most model boundary. The highest elevation along the transect reaches is 4900m
asl, the lowest point of the model domain is 3km below sea level. The total thickness of the
model domain is ~8km, which was chosen on the basis of Forster & Smith (1988), who show
that in areas with high topographic relief, groundwater flow regimes can extend to depths
comparable to the regional topographic highs (pending regional structure and geology). As a
result, the model depth of 3 km was chosen to minimize the potential for boundary effects to
adversely influence simulation results.
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Transect geology is represented in the model domain on the basis of numerous sources,
both published and unpublished, which necessitated a number of assumptions to constrain
depths, thicknesses, and material properties. The data sources and assumptions are summarized
as follows:
•

The Atacama Fault Zone (AFZ) crosses through three different geologic formations
within the model domain, and the physical parameters were obtained by using the
arithmetic mean of the Caleta Ligate, Oficina Viz, and the Pre-Cambrian GraniticGniessic basement rock.

•

The AFZ consists of a 3m core and ~100m of damage zone laterally to each side of
the core (Loveless, 2005). Due to the 100m-grid discretization used for this study and
the AFZ core only being 3m thick a weighted arithmetic mean was calculated
between the damage zone (97m) and the fault core (3m) to give the AFZ fault core
(Figure 5) physical parameters. The fault core and damage zone were treated as two
separate geologic materials and have different permeability values, but individually
each material is isotropic (Table 1).
o The permeability values for the AFZ damage and core have not been
constrained. Evans et al. (1997) performed laboratory tests on intact core
samples to study permeability of fault-related rocks. The intact cores were of
the damage zone and fault cores of granites and gneissic rocks from the East
Fork thrust faults in Wyoming and found that the damage zone permeability
can increase by 2-3 orders of magnitude; conversely the permeability of the
core can decrease by up to two orders of magnitude. With these parameters
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the AFZ core will act as a barrier to fluid flow while the damage zone will act
as a conduit.
•

The AFZ is shown as a vertical structure in Figure 5, while a perfectly vertical fault
may not be the case, conceptual models done by Mpodozis & Ramos (1989) and
Victor et al. (2004) show the AFZ as a vertical structure beyond 3 km below sea
level; however, the AFZ orientation is uncertain at shallow depths. In order to
simulate the effects of a pervasive fault zone, the vertical orientation noted by
MMpodozis & Ramos (1989) and Victor et al. (2004) is projected to the surface of
the model domain. As a result, the AFZ in this model acts as a barrier to fluid flow
in the horizontal direction due to its low permeability core. The actual structure of
the AFZ is not within the scope of this project; however, the presence of the fault will
influence regional fluid flow across the study area.

Source Terms

There are two source terms within the model domain. The first source term is a heat flux
originating at the base of the model to account for continental heat flow. Hamza & Muñoz
(1996) and Giese (1994) conducted research focusing on heat flow throughout South America
showing that the subduction of the Nazca Plate underneath the South American Plate causes
variability in heat flow across the continental interior. Giese (1994) suggests that heat flow in
this region increases when moving from the Coastal Cordillera (40 mW/m2) to the Altiplano (90
mW/m2) due to: (1) an influx of upward moving volatiles from the descending slab, (2) some
rising melt from deeper parts of the oceanic crust, and (3) a driving convective flow in the
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wedge, resulting in both conductive and convective heat transfer that causes an increase in the
surficial heat flow density. The effects of variable heat flow are accounted for in this study as
shown in Figure 7, where the heat flux is 40 mW/m2 at the coast and increases linearly until it
reaches 80 mW/m2 below the Altiplano
The second source term is the infiltration rate of meteoric water (water-2). As mentioned
earlier the Atacama Desert is a hyper-arid environment that receives little to no rain, but
precipitation does occur at the higher elevations. The following equation by Houston (2002)
relates rainfall to elevation:
𝑀𝐴𝑅 =    𝑒 !.!!"#!   ,                                                                                                                                (4)
where, MAR is mean annual rainfall (mm/yr) and A is the elevation (m). Even though this
region does receive precipitation, evaporation is the dominating process throughout northern
Chile, however not all rainfall infiltrates. Houston (2009) relates rainfall (RF) and groundwater
recharge rates (RE) for high altitude aquifers within the Andes as:
𝑅𝐸 = 0.44𝑅𝐹 − 52.5  ,                                                                                                                    (5)
which suggests that recharge (mm/yr) is 44% of rainfall (RF) minus 52.5. The infiltration rates
used in this study were found by replacing RF in equation 5 with equation 4 to get:
𝑅𝐸 = 0.44 𝑒 !.!!"#! − 52.5  ,                                                                                                    (6)
this equation shows that no recharge will occur below the 3983m asl due to the high rates of
evaporation and lack of precipitation (Figure 6).
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Building the Mesh

The geologic cross-section for A-A’ (Figure 5) in Chapter 1 was used to create the model
mesh. The mesh was created using the program PetraSim, which is a Graphical User Interface
(GUI) for TOUGH2-MP. Although production simulations were not performed with PetraSim,
the GUI is useful for reproducing complicated geometry, and the software can export the model
mesh and required run files for use on high performance computing systems. These steps were
taken to create the model mesh:
1. The general model geometry was input 158km x 8km to create a rectangle made up of
100m x 100m x 100m grid blocks.
2. The elevation profile for A-A’ was taken from Google Earth and input over top the
158km x 8km rectangle creating the model domain (80,023 total grid cells).
3. Geology from cross-section A-A’ was discretized into a 100m x 100m grid and input.
4. Physical parameters for all geologic materials were entered (Table 1).
5. Infiltration and heat flux terms were added to model domain (Figure 7).
6. Boundary conditions were added (Figure 7).
7. All data was exported from PetraSim into an ASCII text file formatted for FORTRAN77.
8. The created MESH from PetraSim was split up into different input files:
a. ELEME – introduces the grid cell information
b. CONNE – shows the connections between each grid cell
c. GENER – introduces the information for any sources or sinks for each grid cell
d. INCON – used for production runs, this is the information from the initial
conditions
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e. INFILE – has the information for each element within the grid and has the
parameters for the simulation to run (computation parameters, time step
parameters, convergence criteria, etc)

Boundary and Initial Conditions

Two types of boundary conditions bound the model domain: Dirichlet (constant pressure)
Boundaries and Adiabatic (no flow) Boundaries (Figure 7). The Dirichlet Boundary conditions
are defined at the western edge of the model domain, which is set at hydrostatic pressure and the
top row of grid cells representing the ground surface are set at atmospheric pressure (0.101
MPa). The model is bounded by two no flow boundaries, one along the bottom of the domain
and the other to the east defined by a drainage divide.
Initial conditions were computed with TOUGH2-MP in the absence of meteoric water
(water-2) infiltration, and sufficient run time was allocated to allow temperature and pressure
equilibration, e.g., steady state conditions. Since TOUGH2-MP solves for mass and heat flow
across an interface, every grid cell in the model domain is fully saturated with water-1. Initial
conditions provide every grid cell with the thermophysical properties of water-1, with the
primary variables being pore fluid pressure and temperature. Initial conditions are presented in
Figure 8; however, the pressure data is used to compute hydraulic head. The results for the
initial conditions show a temperature gradient that steadily increases moving from west to east
and from the bottom of the model domain towards the top. The hydraulic head contours in
Figure 8 show that in general the water is flowing down and to the west; however, the Central
Depression is characterized by relatively deep zone of hydrostatic hydraulic head, which will be
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an important hydrogeologic feature in the discussion that follows. These initial conditions
represent the beginning state of the system (time equal to zero) for running transient simulations.

Transient Simulations

For this study, the model scenario was run for 30 million years, and time-series results
were exported for 1.0x104, 5.0x104, 1.0x105, 5.0x105, 1.0x106, 5.0x106, 1.0x107, 2.0x107, and
3.0x107 years. As mentioned in Chapter 1, the works of Aplers & Brimhall (1988); Garreaud et
al. (2010); Hartley et al. (2005); Houston (2005); Rech et al. (2006); and Sillitoe & Mckee
(1996) all suggest that the climate of the Atacama Desert has been stable for anywhere between
25-16 Ma depending on the source. The model was chosen to run for a total of 30 million years
to encompass all the estimates from previous published works with an extra 5 million years.
Numerical models at this scale can be computationally expensive; however, run times with
TOUGH2-MP on 56 processing cores reduced the run time to ~90 minutes.

CHAPTER 3
RESULTS AND CONCLUSIONS

Numerous investigators have suggested that the climate in the Atacama Desert has been
stable for 16-25 million years (Aplers & Brimhall, 1988; Garreaud et al., 2010; Hartley et al.,
2005; Houston 2005; Rech et al., 2006; Sillitoe & Mckee, 1996). As a result, the model results
presented here illustrate the evolution of the study area fluid system at discrete time steps. In
order to visualize this fluid system evolution, the two-water formulation is used to track
separately meteoric water infiltration and pre-existing groundwater. In the results that follow,
infiltrating water saturation is contoured over the study area transect to show the migration of
infiltrating meteoric water as a fraction of the total water mass. Figure 9 presents the temperature
profile for discrete time steps ranging from 10,000 – 3,000,000 years, and Figure 10 illustrates
the distribution of meteoric water over the same temporal range. The simulations for time steps
between 1,000,000 and 30,000,000 years are not shown here because there are no significant
changes in temperature or meteoric water saturation, which suggests that the groundwater regime
reaches steady state by 1,000,000 years. Figure 11 presents distributions of regional hydraulic
head and meteoric water saturation after 1,000,000 years of simulation time under current
climatic conditions, while Figures 12 – 14 illustrate basin-scale head and meteoric water
saturation distributions for the western PdT, Pica area, and Salar de Huasco, respectively.
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Discussion

Figures 9 and 10 show the evolution of the thermal profile and meteoric water saturation
of the model domain over time. Over time, the temperature profile for the model domain is
cooling, which is most evident in the deep region below Salar del Huasco, where the maximum
temperature at 10,000 years is ~250°C, but the maximum temperature after 30,000,000 years is
~150°C (Figure 9). This cooling trend arises because the infiltrating meteoric water is colder
(2°C ) than the geologic material it is infiltrating through (10°C-40°C within 500m of the
surface). This decrease in temperature over time is an expected result, as the total volume of
meteoric water in the system increases and fluid flow paths begin to form, the colder water and
warmer geologic material will begin to equilibrate with each other resulting in a colder thermal
profile. Figure 10 illustrates the fate of infiltrating meteoric water over time, which is interpreted
at discrete time intervals as:

10,000-Year Simulation

At high elevation within the Salar del Huasco, infiltrating water accumulates at relatively
shallow depths (~ 1-2 km) due to the topographic relief bounding the salar. This high altitude
accumulation results from a local-scale drainage divide at the Altiplano (~128 km), where a
small fraction of the infiltrating meteoric water moves east feeding Salar del Huasco and a larger
fraction of the meteoric water moves west due to the steep regional topographic gradient. The
fraction of infiltrating water moving east from the Altiplano into the Salar del Huasco upwells in
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the central portion of the salar (~143 km), and the rapid evolution this circulation cell suggests
that groundwater residence time for spring discharge in Salar del Huasco is on the order of
10,000 years or less.

50,000-Year Simulation

Infiltrating water from the Altiplano is migrating vertically to a depth of ~2 km before the
topographic gradient forces the water west towards the Pica region. This water is becoming
isolated as a continuous plume between locations defined by ~120 and 100 km along the
transect. Interestingly, this deeper fluid flow path occurs primarily within the crystalline
basement rocks, which are characterized by permeability values several orders of magnitude
lower than the overlying marine sandstones. At the regional scale, this plume of high saturation
meteoric water is the dominant hydrogeologic feature in this model scenario, which suggests that
deep basement rocks are the primary control on fluid system evolution. At higher elevations, the
fluid circulation system underlying Salar del Huasco appears to have reached steady state, as
evidenced by stable configuration of meteoric water saturation between 10,000 and 50,000 years.
Additionally, the temperature profile begins to show the presence of possible thermal convection
cells in the western portion of the basin around 55-65km. The occurrence of these convection
cells is unusual because they are not apparent in the initial conditions; however, infiltrating
meteoric water from the eastern highlands has not yet reached this area within the basin. One
possible explanation for this phenomenon is perturbation to the head distribution as the pressure
front advances ahead of the meteoric water plume. There is evidence for this effect is shown in
Figure 11, which shows expansion of the region characterized by hydrostatic conditions within
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the Central Depression (between 50 and 65 km along the transect for depths up to 1,500 m).
Although this appearance of hydrostatic conditions results from the coarse contour interval (100
m), the implication of this result is a very low pressure potential, which allows for the
development of thermal convection cells and upwelling into the basin.

100,000-Year Simulation

Infiltrating water in the Altiplano is now migrating vertically to a depth of ~6 km at 150 km
along the transect and is slowly being driven to the west. The main meteoric water plume has
migrated to ~90km and has stopped at the interface between the basement rock and marine
sandstone. There is now a pool of warm (30°C - 70°C) meteoric water forming underneath Pica
~500m below the surface (Figure 10 & 12A). This pool of water below Pica is located between
two sub-basins within the sedimentary basin (Figure 5) with the majority of meteoric water
saturation occurring in the basement rock with some water in the Cerro Empexa and Longacho
formations. It is interesting to note that both the temperature contour at 40°C and the meteoric
water saturation both generally follow the interface between the basement rock and the marine
sandstone. The main fluid flow paths towards the sedimentary basin for the meteoric water are
still mainly in the granitic-gneissic basement rocks with the only shallow fluid flow paths
occurring around Salar de Huasco. The temperature profile shows overall cooling from 120km 158km and the convection cells are still present in the western portion of the basin (55 – 65km)
(Figures 9, 10, & 12A).
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500,000-Year Simulation

Infiltrating water has circulated down far enough to reach the bottom of the model
domain and has been pushed far enough west to reach the Atacama Fault Zone (46 km). The
main meteoric water plume has not changed from the 100,000-year simulation, but meteoric
water is flowing past this point along the interface between the basement rock and the marine
sandstones. The deepest flow path begins at the eastern edge of the model and flows down
towards the bottom of the model and moves laterally to the west. This is the first time step
where meteoric water has reached the sedimentary basin and it occurs at the beginning of the
convection cells (65km). The presence of meteoric water occurs almost immediately after the
ADP 04 member (Huasco Ignimbrite) disappears at 67km. The thermal convection cells shown
in the temperature profiles are now also forming in Figure 10 (50km – 65km) with respect to
meteoric water saturation and the location of these convection cells align with the location of the
convection cells seen in thermal profiles (Figure 9). A general cooling trend is still affecting the
eastern (120km – 158km) portion of the model domain especially at depth; compared to the
initial conditions the maximum temperature was 250°C and now the maximum temperature is
200°C.

1,000,000-Year Simulation

The location and amount of meteoric water saturation to the east of 60km has gone
undergone little to no change from the 500,000-year simulation. The only shallow fluid flow
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within the model domain is still near Salar de Huasco upwelling and recharging the salar with
deep fluid circulation occurring throughout the rest of the model. The western portion of the
basin (45km - 60km) has seen the development of thermal convection cells in both Figures 9 and
10 suggesting that there is some thermal control affecting the evolution of fluid flow within the
basin. Meteoric water has finally reached the ground surface at ~52km. Figure 12B shows how
the temperature profile and the location of meteoric water are related in the western portion of
the basin. As mentioned previously, these convection cells may be able to form due to the
hydrostatic conditions seen within 1500m of the ground surface at a coarse (100m) interval
(Figure 11). Figure 13 provides a closer look at the western edge of the basin at a finer interval
(10m) and shows near hydrostatic conditions within the first 1500m. It is noteworthy to mention
that the apex of each convection cell is the interface between the Cerro Empexa and Longacho
formations. Due to meteoric water also stops between these two formations it suggests that
meteoric water flow in this section of the basin is driven by the upwelling of warmer water. The
fact that conditions here are hydrostatic and that the Longacho formation has a lower
permeability (9.87E-16 m2) than the Cerro Empexa formation (5.26E-17 m2) this suggests that the
geology in this section of the basin has less control of fluid flow than the geothermal gradient.
The location along the transect that the meteoric water has reached the ground surface makes
sense when referring back to the transect A-A’ in Figure 3; there are three groundwater fed salars
present in the western portion of the basin just south of the study transect. The AFZ at 45km is
hindering lateral fluid flow due to its low permeability core but allows for some vertical fluid
migration within the damage zone. The infiltrating meteoric water in the Altiplano has now
made it to the western edge of the model domain. This suggests that the groundwater recharging
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the salars and water flowing all the way to the coast has a residence time of roughly one million
years.

30,000,000-Year Simulation

There are no significant changes in meteoric water saturation or temperature from
1,000,000 years. The lack of variation between model simulations between 1,000,000 –
30,000,000 years suggests that the evolution of the regional fluid system is nearing stable
conditions at the current rate of infiltrating meteoric water.

Salar de Huasco

The area of the model ranging from 120km–158km is where all the meteoric water
originates (Figure 14). In this study, a small volume of infiltrating meteoric water in the
Altiplano is recharging the Salar de Huasco while the rest of the subsurface flow follows deeper
circulation paths towards the west to recharge the central basin and the Pampa del Tamarugal
Aquifer. Infiltration in the Altiplano results in lower than predicted saturation in the area of the
salar; however, model predicts the presence of springs on both the eastern and western slopes of
Salar de Huasco (Figure 15). the At springs the meteoric water leaves the system through grid
blocks on the surface. Once water leaves the grid blocks it does not reenter the system.
Additionally, a low permeability clay layer located just below the surface of the salar helps keep
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water pooled at the surface, but also prevents any water that circulates down past this clay layer
from circulating back up through the clay to the surface.
Fluid flow in the numerical model presented here is in agreement with isotopic data that
suggest groundwater in the PdT Basin has a high attitude recharge source with minimal surface
modification through evaporation between the recharge area and the basin (e.g. Margaritz et al.,
1990). The oxygen (δ18O) and hydrogen (δ2H) isotope values have previously been used to
explore regional scale variations in surface and sub-surface waters in the PdT (e.g. Aravena et
al., 1999). Oxygen and hydrogen isotope variations are similar, so the discussion is only going to
focus on δ18O values. Precipitation at the same relative elevation as Salar de Huasco has δ18O
values between -15‰ to -18‰, while the groundwater and springs around Huasco are about
-13‰ (Fritz et al., 1981; Margaritz et al., 1985). Evaporation during infiltration increases the
δ18O value of the water through evaporative enrichment, so it is expected that the ground water
would have undergone some kinetic fractionation. Since regional recharge is occurring at similar
elevations, the δ18O values of precipitation and groundwater at Salar de Huasco can the be used
to approximate the δ18O of the infiltrating waters at Pica and the western portion of the basin can
be compared back to the source.

Pica

Pica has been an area of hydrogeologic interest due to abundant springs and shallow
groundwater levels that have resulted in a major agrarian economy (Dingman et al., 1965).
Many of the springs around Pica are thermal springs, and the main spring in the Pica area has an
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average temperature of 33.3°C (Risacher et al., 2011). The springs around Pica are hypothesized
to be fault-controlled; Nester (2008) used seismic reflection methods to map the bottom of the
sedimentary basin and showed multiple blind faults throughout the Pica area. These blind faults
can be controlling many of these springs, and if these faults are a conduit for fluid flow, then
water can be coming up from depth at a relatively quick rate, which would explain why the water
is so warm. When comparing Figures 9, 10, and 12 there is a “hump” of meteoric water that
forms below Pica and the temperature profile has a similar “hump” showing a temperature here
of ~30 - 70°C. If a fault directly below Pica acts as a conduit to fluid flow, it would explain why
the springs in this area are so warm; however, the resolution of these faults is not possible within
the model domain. Water samples were taken from springs and wells around Pica are split into
two different groups with respect to δ18O and δ2H (Margaritz et al., 1990). The first group has
similar isotope values to the water samples taken near Salar de Huasco with δ18O range of -12‰
to -14‰ (Aravena & Suzuki, 1990; Fritz et al., 1981; Margaritz et al., 1985). This suggests that
the groundwater has not been significantly altered by evaporation or thermal processes. The
second group of waters have δ18O values at -9 + 1‰. If this water also originated from near
Salar de Huasco, as the model would predict, with an original δ18O of -13‰ evaporation, then
thermal processes and/or mixing with basinal brines has altered the δ18O values of this
groundwater reservoir. Coupling the geochemical data and the results from this model suggests
that the alteration of the water at Pica is likely from deep, hydrothermal fluid circulation and
supports the work of Margaritz et al., (1989).

Western PdT Basin
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On the western edge of the Central Depression within the PdT Basin are three salars
(Figure 5). These salars at the western edge of the central basin must be controlled by the
groundwater due to the lack of precipitation. Since salars are groundwater fed they tend to form
in the lowest part of a closed basin (Chong, 1984), but within the model domain there are no
geographic lows because the grid blocks change elevation in 100m increments so there are only
two different elevations between Pica (1100m) and the beginning of the Coastal Cordillera
(1000m) (Figure 13). The model results suggest that there are three contributing factors for
groundwater in this section of the basin to reach the ground surface at ~52km. The primary
control this groundwater flow regime is the presence of the Andes to the east that drive large
variations in hydraulic head causing deep fluid flow paths, as predicted by Tóth’s (1962)
pioneering work. In addition, the ADP 04 (Huasco Ignimbrite) appears to have some control
over both fluid and heat flow within the sedimentary basin; however, ADP 04 is not present in
the sedimentary basin between ~45-67km (Figure 4), yet convection cells first appear at 67km.
The ADP 04 formation has the lowest permeability and porosity (Table 1) within the
sedimentary basin, and this low permeability is what hinders heat and fluid flow. And finally,
the geothermal gradient has little affect on fluid flow until the western portion of the basin. The
appearance of convection cells in both Figures 9 and 10 is a clear indicator that heat has some
role within this basin. Unlike the groundwater near Pica, the water in the western portion of the
basin only falls into one group with respect to δ18O with values around -9‰, suggesting no
additional isotopic modification has occurred (Fritz et al., 1982; Margaritz et al., 1985). While
this model does not address the presence of basinal brines, there have been numerous studies
(Alpers & Whittemore, 1990; Banks et al., 2004; Cameron & Leybourne, 2005; Leybourne and
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Cameron, 2006;Risacher & Fritz, 2000; and Risacher et al., 2003) that have investigated the
origin of solutes in the groundwater in northern Chile and have suggested that the water is
mixing with basinal brines or metamorphic fluids. With the waters in the western portion having
only one group of groundwater with respect to δ18O (-9‰) and previous studies suggesting that a
large amount of the solutes in the groundwater come from basinal brines both of these lines of
evidence support the model results that deep, hydrothermal fluid circulation is responsible for
recharging the western portion of the basin. The stable isotopes and model results also suggest
that shallow fluid flow is not a contributing factor to the recharge in the western portion of the
basin.

Summary

This research utilized a numerical model to further understand regional scale fluid flow
within the Pampa del Tamarugal Basin in northern Chile’s Atacama Desert. This model suggests
that shallow groundwater flow is only recharging the Salar de Huasco and deep (>1km)
hydrothermal fluid circulation is responsible for recharging the PTA; (2) topography and
geothermal gradients are the main driving factors for regional groundwater flow; (3) the Altos de
Pica member 4, an ignimbrite layer in the sedimentary basin controls both heat and fluid flow in
the western part of the basin, which is evident due to the presence of convection cells and
meteoric water upwelling and presenting itself as surface water (salars); and (4) it takes meteoric
water 100,000 years to travel from the high Andes to reach Pica and 1,000,000 years for salar
formation (Figure 16).
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Conclusions

The Pampa del Tamarugal Basin (PdT Basin) in northern Chile’s Atacama Desert is
home to ~300,000 people. The PdT Basin is considered to be a hyper-arid region receiving less
then 5 mm of precipitation annually and yet there is a large freshwater source in the Pampa del
Tamarugal Aquifer, which covers 5,000 km2. The PTA is the main source of freshwater for
municipal, agricultural, and industrial uses in northern Chile. The source of fresh water for the
PTA is widely accepted to originate at higher elevations to the east in the Andes. How the PTA
is recharged remains poorly constrained, the two main hypotheses behind the mechanisms for
recharge are between: (1) shallow, rapid fluid flow paths through alluvial fans along the Andes
and (2) deep, hydrothermal fluid circulation. There have been numerous studies in this region,
but none of which have utilized a basin-scale numerical model to look at fluid flow throughout
the PdT Basin. This study utilizes a 2-D numerical model that takes into account the complex
geology and geothermal gradient in this region to further understand regional scale fluid flow
within the Pampa del Tamarugal Basin.
The model results and stable isotope values found in the literature indicate that shallow
fluid flow is responsible for recharge on a local scales; however, the results presented here
suggest that regional scale fluid flow is primarily governed by topographic driving potential from
the east and geothermal gradients within the basin. For example, Salar de Huasco receives
recharge from shallow fluid flow paths on a relatively short time scale (> 10,000 years);
however, recharge to the PTA is originates in the Altiplano and migrates vertically into the

49
basement rock before being driven by topography to the west towards the basin under the
combined influence of topographic head variations and the regional geothermal gradient.
Additionally, recharge within the PdT Basin is largely controlled by deep, hydrothermal fluid
circulation with a residence time on the order of 1,000,000 years. And finally, the formation of
salars in the western portion of the basin shares the same time scale as recharge to the PTA.
Meteoric water does not reach the sedimentary basin until the ADP 04 (Huasco Ignimbrite)
member pinches out around 67km along the study transect. As the influence of regional
topography and low permeability layers decreases within the basin, then geothermal gradient
takes affect, driving the meteoric water up towards the ground surface, recharging the PTA and
causing the formation of salars.
This study lays a foundation for further research into both regional-scale fluid flow and
local-scale fluid flow within the PdT basin. At the regional scale large geologic structures such
as the faults near the areas of Pica and in the Precordillera can be added to see how they affect
the evolution of this fluid system. In addition, the results from this work are suitable for
establishing boundary conditions for high resolution, local-scale models to study the effects of
groundwater withdrawals within the PTA. Moreover, this work can also be used to investigate
the PTA response to variability in high-altitude precipitation in response to long-term climate
change.
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